Abstract. Direct-acting antiviral agents (DAAs) are established as the standard of care for chronic hepatitis C virus (HCV) infection. One of the newest additions to the HCV arsenal is an oral three-DAA combination therapy (i.e., the 3D regimen) that does not require concomitant use of pegylated interferon. The clinical development program for the 3D regimen has yielded a robust dataset that is inclusive of various dosing schemes and a diverse patient population. Using data from nine phase 1b/2a/ 2b studies that enrolled patients with HCV genotype 1 infection, population pharmacokinetic models were developed for each component of the 3D regimen (ombitasvir, paritaprevir, ritonavir, and dasabuvir) and for ribavirin, an adjunctive therapy used to enhance therapeutic efficacy in some populations. Formulation effects, accumulation, relative bioavailability, and interactions between DAAs were assessed during model development, and demographic and clinical covariates were identified and evaluated for their effects on drug exposures. Proposed models were assessed via goodness-of-fit plots, visual predictive checks, and bootstrap evaluations. Population pharmacokinetic models adequately described their respective plasma concentration-time data with precise and reliable model parameter estimates and with good predictive performance. Covariates, including age, sex, body weight, cytochrome P450 2C8 inhibitor use, non-Hispanic ethnicity, and creatinine clearance, were associated with apparent clearance and/or apparent volume parameters; however, the magnitude of effect on drug exposure was modest and not considered to be clinically significant. No patient-related or clinical parameters were identified that would necessitate dose adjustment of the 3D regimen in patients with HCV genotype 1 infection.
INTRODUCTION
Direct-acting antiviral agents (DAAs) have become a mainstay of hepatitis C virus (HCV) infection treatment. They mark an improvement over the previous standard of care, pegylated interferon (peginterferon) and ribavirin, which was burdened by a poor sustained virologic response rate, lengthy duration of treatment, and treatment-limiting toxicities for many patients (1) . Newer additions to the DAA treatment armamentarium are moving toward interferon-free therapy that is suitable for a broad range of patient types. One such combination, a recently approved, oral three-DAA combination therapy (i.e., the 3D regimen), has proven to be effective and well tolerated for the treatment of HCV genotype 1 infection in clinical trials that enrolled diverse patient groups, including difficult-to-treat populations, such as non-responders to previous treatment with peginterferon and ribavirin, patients with cirrhosis, and liver transplant recipients (2) (3) (4) (5) (6) (7) (8) .
The 3D regimen consists of ombitasvir (formerly called ABT-267), a novel non-structural protein 5A inhibitor; paritaprevir (formerly called ABT-450), a potent nonstructural protein 3/4A protease inhibitor; and dasabuvir (formerly called ABT-333), a non-nucleoside, non-structural protein 5B polymerase inhibitor. To enhance the exposure of paritaprevir, a cytochrome P450 (CYP) 3A4 substrate, it is administered with ritonavir (the combination denoted as paritaprevir/r), a potent CYP3A4 inhibitor. A two-DAA combination of ombitasvir, paritaprevir, and ritonavir (i.e., the 2D regimen) has also been evaluated for patients with HCV genotype 4 infection (9) .
Phase 1b and 2a/b studies of 3D regimen components have included a variety of dosing regimens and combinations, Sven Mensing and Akshanth R. Polepally contributed equally to this work. a large number of both treatment-naive and treatmentexperienced patients and patients representing a range of demographic and clinically important subgroups (10) (11) (12) (13) . This varied cross section allows for the assessment of parameters that influence drug exposures, which could ultimately affect the efficacy and safety profile of the regimen. In this analysis, pharmacokinetic models were developed for paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin using data from nine phase 1b and 2a/b studies. As part of the model-building process, formulation effects, accumulation, relative bioavailability, and interactions between DAAs were characterized. In addition, demographic, clinical covariates, and concomitant medication classes or enzyme/transporter inhibitor or inducer categories that influenced apparent clearance (CL/F) and/or apparent volume parameters were identified and evaluated for their effects on drug exposures. These data were used to inform drug dosage recommendations for phase 3 studies and to provide safety and efficacy margins that can be applied to clinical practice.
MATERIALS AND METHODS

Study Population
Adult men and women with chronic HCV genotype 1 infection who were enrolled in a phase 1b, 2a, or 2b study of paritaprevir/r, ombitasvir, and/or dasabuvir with or without ribavirin were included in this analysis. Patients were 18 to 70 years of age with a body mass index (BMI) in the range of 18 to 38 kg/m 2 and were required to be in generally good health without evidence of cirrhosis and to have negative test results for HIV and hepatitis B infection. Seven of the studies excluded patients who had previously been treated with an investigational or commercially available anti-HCV drug. The remaining two studies included both treatment-naive patients and non-responders to previous treatment with peginterferon and ribavirin. Non-response was defined as treatment for ≥12 weeks that did not result in a decrease of ≥2 log 10 IU/mL in HCV RNA load. All study participants provided written informed consent.
Study Design
Data were extracted from two phase 1b, six phase 2a, and one phase 2b studies. Study design features and treatment regimens for these studies are described in Table I . Study treatments included combinations of DAAs (paritaprevir/r, ombitasvir, and dasabuvir) or DAA monotherapy given with or without peginterferon and ribavirin or ribavirin alone. Drug dosing regimens ranged from 50/100 to 250/100 mg once daily for paritaprevir/r, 5 to 200 mg once daily for ombitasvir, and 100 mg once daily to 800 mg twice daily for dasabuvir. Ribavirin dose was determined by body weight: patients weighing <75 kg received 1000 mg daily and patients weighing ≥75 kg received 1200 mg daily per ribavirin prescribing information; both regimens were given in divided doses.
Two different formulations of paritaprevir were used in the studies: a spray-dried dispersion (SDD) tablet and a hard gelatin capsule. Data from phase 1 studies indicate differences in bioavailability between the two formulations; the formulation effect was fixed to the phase 1 population pharmacokinetic model (see Eq. 3) (14) . Two different formulations for ombitasvir, SDD and hot-melt extrusion (HME) tablets, were used in study 1 (Table I) . All other included studies used the HME tablet of ombitasvir. The relative bioavailability of ombitasvir from SDD tablets compared with HME tablets was estimated in the ombitasvir population pharmacokinetic model. Capsule and tablet formulations of dasabuvir used in phase 2 clinical trials have equivalent bioavailability, and thus, an effect was not estimated in the dasabuvir population pharmacokinetic model.
Study protocols were institutional review board approved, and study procedures were conducted in accordance with the ethical principles set forth in the Declaration of Helsinki, the International Conference on Harmonisation Good Clinical Practice guidelines, and local regulations.
Assessments
In the phase 1b/2a studies (Table I) , dosing times for the intensive sampling period (i.e., study days 1-3) were based on observed study drug administration. For all other pharmacokinetic samples, drug dosing times were collected for the last dose and second-to-last dose, and pharmacokinetic times were calculated based on these dosing times. For the phase 2b study, which represents the majority of subjects (571/828; 69%) in the datasets, study drug doses on day 1 were administered on-site; therefore, exact dosing times were recorded. Thereafter, the medication event monitoring system (MEMS) was utilized. This method provides a detailed profile of patient's adherence behavior and exact dosing times and is a well-accepted measure for adherence (15) . The actual blood sample collection times were used for population pharmacokinetics analyses.
Blood samples for the assessment of paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin were processed and assayed using validated liquid chromatography methods with tandem mass spectrometric detection. Sample collection times varied according to the protocol specifications for each study; the duration of sampling is summarized in Table I . Lower limits of quantification ranges for each analyte were 0.500 to 0.644 ng/mL (paritaprevir), 0.139 to 0.993 ng/mL (ombitasvir), 0.100 to 4.58 ng/mL (dasabuvir), 4.74 to 5.00 ng/ mL (ritonavir), and 91 to 100 ng/mL (ribavirin).
Pharmacokinetic Model Development and Statistical Analyses
Population pharmacokinetic models were built using non-linear mixed-effects models in NONMEM 7.3 (ICON Development Solutions, Hanover, MD). A first-order conditional estimation method with η-ε interaction (FOCE-INT) was used for model building. A base model, including the models for the inter-individual and residual variabilities, was developed first that defined the structural model, followed by investigation of relevant covariate-parameter relationships. Model development was guided by goodness-of-fit plots, likelihood ratio tests (significance level of p<0.01 for base model development), physiologic reasonability, precise parameter estimates, and previous knowledge of drug pharmacokinetics.
Covariates were tested using the forward inclusion and backward elimination procedure. For CL/F, the tested covariates included age, sex, race (black versus non-black), ethnicity (Hispanic/Latino versus non-Hispanic/Latino), body weight (BWT), body surface area, BMI, HCV subtype 1a or 1b, baseline creatinine clearance (CrCL), fibrosis (no/ BID twice daily, GT1 genotype 1, HCV hepatitis C virus, OD once daily, pegIFN/RBV pegylated interferon alpha/ribavirin a Ribavirin was dosed at 1000 mg if body weight was <75 kg or 1200 mg if body weight was ≥75 kg, orally daily divided BID minimal, moderate, or severe), treatment experience (naive or peginterferon/ribavirin experienced), use of ribavirin, and co-medications. For apparent volume parameters, the tested covariates included age, sex, race, ethnicity, BWT, body surface area, and BMI. Covariate effects were added in the model in a multiplicative manner. Continuous covariates were normalized to a reference value (median value of the covariate) and were included in the model with a power function:
where θ is the population estimate of the pharmacokinetic model parameter (TVP). COV i refers to the i th individual continuous covariate value (e.g., BMI), COV median is the median value for the study population, and θ COV refers to the estimated covariate effect.
Categorical covariates were tested with a multiplicative model to obtain the fractional difference in the pharmacokinetic parameters between the tested categorical groups:
where θ is the population estimate of the pharmacokinetic model parameter (TVP) and θ cat level was set to 1 for the reference population and to an estimated parameter for other levels of the categorical covariate.
Inferences about the clinical importance of covariate effects were made based on the magnitude and precision of covariate parameter estimates. The magnitude of covariate effect was assessed by estimating steady-state maximum plasma concentration (C max ) and area under the plasma concentration-time curve (AUC) values for each significant covariate. Exposure data were calculated for the approved doses of paritaprevir (150 mg once daily), ombitasvir (25 mg once daily), dasabuvir (400 mg twice daily formulation used in the phase 2 studies; it is equivalent to 250 mg twice daily approved formulation), ritonavir (100 mg once daily) (16) , and ribavirin (1000 or 1200 mg/day based on weight) (17, 18) in patients with HCV genotype 1 infection. For the stepwise covariate selection, significance levels of α=0.01 and α=0.001 (approximate χ 2 distribution) were implemented in forward inclusion and backward elimination procedures, respectively. Several criteria were used to evaluate improvement in model performance and to select the final model. The likelihood ratio test was used to discriminate among alternative nested models. One additional model parameter, corresponding to 1 degree of freedom in the higher-order model, was considered significant when it lowered the objective function value by more than 6.63, corresponding to p<0.01. For 2 degrees of freedom, the required reduction in objective function value was 9.21.
An extensive list of drug classes and enzyme/transporter inhibitor or inducer categories of co-medications was evaluated for effects on CL/F. Components of the 3D regimen are substrates or inhibitors for a number of metabolic enzymes and transport proteins, including various CYP family members, P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), organic anion transporting polypeptides 1B1 and 1B3 (OATP1B1/B3), and uridine diphosphate glucuronosyltransferase (UGT) 1A1 (19) . Co-medication use was defined as receipt for ≥6 weeks (approximately half the treatment duration [12 weeks] of a typical HCV DAA regimen) during the treatment period. The potential for a drug class or category to influence the pharmacokinetics of DAAs, ritonavir, or ribavirin was determined by calculating dosenormalized steady-state exposures (AUC during a 24-hour dosing interval at steady state [AUC 24 ,ss ]) from the base models for patients receiving each drug class or inhibitor/ inducer category and comparing these values with control groups (i.e., patients receiving no co-medications or comedications that do not represent the tested drug inhibitor/ inducer category). For paritaprevir, only the post hoc AUC 24 ,ss values (from the base model) representing the approved 150-mg dose and SDD tablets were considered based on the drug's known dose-and formulation-dependent non-linear bioavailability (14) . Co-medication drug classes/ categories that included ≥15 patients and met the base model AUC 24 ,ss ratio criteria (≤0.5 or ≥2.0 for drug classes, ≤0.5 for inducer categories, or ≥2.0 for inhibitor categories) were included in covariate model building.
The population pharmacokinetic model for paritaprevir was developed in two steps. In step 1, non-linearity in bioavailability (dose-and formulation-dependent) and accumulation after multiple doses were characterized by using intensive pharmacokinetic data from phase 1 studies in healthy volunteers (14) . In step 2, only the phase 2 pharmacokinetic data from patients were characterized by fixing formulation effect and accumulation factor to the estimates from the model fit of the phase 1 data. The doseand formulation-dependent non-linear paritaprevir relative bioavailability (F REL ) was described by
Formulation effect (θ capsule ) was fixed to the phase 1 population pharmacokinetic model estimate of 1.27 during phase 2 model development (14) . The parameter θ bio that represents the fold increase in paritaprevir bioavailability of the SDD tablet for each 50-mg increment in dose relative to bioavailability of the 50-mg paritaprevir SDD tablet was estimated. In addition, the effect of dasabuvir on paritaprevir bioavailability was implemented in a categorical manner to obtain the fractional difference in paritaprevir bioavailability with or without dasabuvir. The effect of ombitasvir on paritaprevir bioavailability was tested in a phase 1 pharmacokinetic model and was found to be not significant (14) . Therefore, testing the effect of ombitasvir was not pursued in this analysis.
Model Evaluation
Methods used in model evaluation included goodness-offit plots (data not shown), visual predictive checks, and bootstrap evaluations. For visual predictive checks, 1000 simulated replicates of the model predictions were generated using NONMEM. Relevant visual predictive checks included plots of observed and predicted concentrations versus time.
Observed medians and 5th and 95th percentiles were plotted against the 90% prediction interval obtained from these simulations for every unique observation time point. In addition to visual predictive checks, 1000 bootstrap replicates were constructed by randomly sampling (with replacement) N patients from the original dataset, where N is the number of patients in the original dataset. The final model was used to estimate population parameters for each bootstrap replicate, and the resulting values were used to estimate medians and 2.5th and 97.5th percentiles. Final model parameter estimates based on the original dataset were compared against the bootstrap results.
RESULTS
Data Sources
Paritaprevir and ritonavir assessments were based on 7698 and 7655 concentration observations, respectively, that were derived from 676 patients enrolled in five phase 1b/2a/ 2b studies. Five phase 1b/2a/2b studies contributed to the 6813 concentration observations from 601 patients available for ombitasvir. Data for dasabuvir were obtained from six phase 1b/2a/2b studies that yielded 6479 concentration observations from 560 patients. Ribavirin pharmacokinetic information was extracted from six phase 1b/2a/2b studies that included 6977 concentration observations from 670 patients.
Patient Demographic Characteristics
Demographic characteristics were generally consistent among populations used to evaluate the various study drugs (Table II) . The majority of patients were male (55-58%) and non-black (86-88%). Hispanic/Latino ethnicity was selfdescribed by 10 to 13% of patients. Moderate or severe liver fibrosis was present in fewer than half of the patients. Approximately one fifth of the patients were treatment experienced, having demonstrated a poor response to previous treatment with peginterferon and ribavirin. The dominant HCV genotype was 1a, representing 67 to 70% of the evaluated study population.
Co-medication Analyses
More than 750 co-medications belonging to 15 drug classes (non-opioid analgesics, antihypertensives, antidepressants, proton pump inhibitors, antihistamines, opioids, hormone replacement therapies, steroids, anti-infectives, antidiabetics, antiepileptics, statins and lipid-lowering agents, antipsychotics, hormonal contraceptives, and phosphodiesterase type 5 inhibitors) and 20 enzyme (CYP isoenzymes 3A4/5/7, 2C8, 2D6, 1A2, 2C9, 2C19, 2B6, and UGT) or transporter (P-gp, multidrug resistance-associated protein 2, BCRP, OATP1B1/B3) inhibitor/inducer categories were used concomitantly in phase 1b/2a/2b trials. After applying informed selection criteria (n≥15 and AUC 24,ss ratio of ≤0.5 or ≥2.0 for drug classes, ≤0.5 for inducer categories, or ≥2.0 for inhibitor categories), only comedications representing the drug class of hormone replacement therapy (n=18; AUC 24,ss ratio, 2.10) and the category of CYP2C8 inhibitors (n=16; AUC 24,ss ratio, 2.17) were included in stepwise covariate model building for paritaprevir. None of the other drug classes or categories met the selection criteria for ombitasvir, dasabuvir, ritonavir, or ribavirin.
Paritaprevir Population Pharmacokinetics
A one-compartment model with first-order absorption and elimination adequately described paritaprevir concentration-time data. The non-linearity in bioavailability, the accumulation compared with the first dose, and the effect of dasabuvir on paritaprevir bioavailability that was identified in a previous analysis of phase 1 data (14) were implemented as part of the phase 2 pharmacokinetic model.
The bioavailability of paritaprevir increased supraproportionally and was formulation dependent (Fig. 1) . Exposures from SDD tablets for the 150-mg dose (approved dose) of paritaprevir would be approximately 6.3-fold of exposures from the 50-mg dose and approximately 71% lower than exposures from the 250-mg dose. On average, coadministration of dasabuvir with paritaprevir increased paritaprevir bioavailability by 21% in HCV genotype 1-infected patients. Although this effect was not significant, it was retained in the model based on results of phase 1 pharmacokinetic modeling (14) .
Model-derived population pharmacokinetic parameter estimates and significant covariates are presented in Table III . Sex and CYP2C8 inhibitor use were found to be covariates significantly associated with CL/F, and ethnicity was a significant covariate for apparent volume of the central compartment (Vc/F). Because of the known influence of dasabuvir on paritaprevir bioavailability, co-administration of dasabuvir was included in the assessment of predicted paritaprevir exposures in covariate subgroups. Among patients receiving CYP2C8 inhibitors (n=39), CL/F was 32% lower than patients not on any inhibitor or inducer of metabolic enzyme(s) or transporter(s). Females had 19% lower CL/F than males, and patients representing nonHispanic/Latino ethnicity had 35% higher Vc/F than patients of Hispanic/Latino ethnicity. Changes in predicted paritaprevir steady-state C max and AUC 24 based on sex, ethnicity, use of CYP2C8 inhibitors, or co-administration of dasabuvir were generally modest (≤50%) (Fig. 2) . The greatest putative AUC elevation (50%) was estimated for use of a concomitant CYP2C8 inhibitor.
Ombitasvir Population Pharmacokinetics
A two-compartment model with first-order absorption and elimination adequately described ombitasvir plasma concentration-time data. The bioavailability of ombitasvir from an SDD tablet relative to a HME tablet in patients with HCV genotype 1 infection was 41%. Age, sex, and BWT were found to be significant covariates for CL/F, and sex was found to be the sole significant covariate for volume parameters (Vc/F and apparent volume of the peripheral compartment [Vp/F]; Table III ). On average, females had 30% lower CL/F and 17% lower apparent steady state volume of distribution (Vss/F) than males. Changes in ombitasvir steady-state C max and AUC 24 values based on age (±10 years change from reference age [48 years] in the model), sex, and BWT (±10 kg change from reference BWT [79 kg] in the model) were modest (<50%) (Fig. 2) . The most notable difference was between males and females, with 34% higher C max and 42% higher AUC 24 values estimated for females compared with males.
Dasabuvir Population Pharmacokinetics
A one-compartment model with first-order absorption and elimination adequately described dasabuvir plasma concentration-time data. Sex was the only covariate that had a significant effect on CL/F; Vc/F was not influenced by any of the tested covariates (Table III) . Females had 15% lower CL/ F than males. Predicted changes in dasabuvir steady-state C max and AUC 24 values based on sex were minimal (<20%) (Fig. 2) .
Ritonavir Population Pharmacokinetics
A one-compartment model with first-order absorption and elimination adequately described ritonavir plasma concentration-time data. Ethnicity was the only covariate tested that demonstrated a significant effect on Vc/F (p<0.01; Table III ). Vc/F was 79% higher in non-Hispanic/Latino patients compared with Hispanic/Latino patients. However, Hispanic versus non-Hispanic ethnicity only minimally affected (≤10% change) ritonavir steady-state C max and AUC 24 values (Fig. 2) .
Ribavirin Population Pharmacokinetics
A three-compartment model with first-order absorption and elimination adequately described ribavirin plasma concentration-time data. Sex and baseline CrCL were found to be significant covariates for CL/F, and sex and BWT for the volume parameters (Table III) . On average, females had 11% lower CL/F and 22% lower Vss/F than males. The covariates of baseline CrCL, sex, and BWT altered ribavirin steady-state C max and AUC 24 values by less than 20% (Fig. 2) .
The low computed η-shrinkage values (≤10%) for CL/F and volume parameters in the final models for paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin indicate that sufficient information about the parameter estimates was available from the drug concentration-time data. No substantial ε-shrinkage (≤5%) was computed, indicating the BMI body mass index, BSA body surface area, CrCL creatinine clearance, HCV hepatitis C virus Fig. 1 . Dose-related changes in relative bioavailability of paritaprevir for the spray-dried dispersion (SDD) tablet and hard gelatin capsule (HGC) formulations adequacy of the models. Goodness-of-fit plots (not shown), visual predictive checks (Fig. 3) , and bootstrap analyses (Table III) indicate that the data have been well described by the pharmacokinetic models for paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin, with good predictive performance for each.
DISCUSSION
Direct-acting antiviral combinations of ombitasvir and paritaprevir/r with or without dasabuvir are established treatment options in the HCV armamentarium. Clinical trial data demonstrate high sustained virologic response rates across a variety of patient populations, including those who are treatment naive, treatment experienced, cirrhotic, noncirrhotic, and/or liver transplant recipients (2) (3) (4) (5) (6) (7) 9) . With the potential for broad use of the 3D and 2D regimens, it is important to establish that the therapy would be comparably effective and well tolerated regardless of patient-related variables, such as the use of concomitant medications and demographic characteristics. Given the large dataset and rich pharmacokinetic sampling of the 3D development program, these insights could be generated through the development of population pharmacokinetic models for ombitasvir, paritaprevir, dasabuvir, and ritonavir, as well as the adjunctive medication ribavirin. Data from our assessment show that population pharmacokinetic models adequately describe their respective plasma concentration-time data with precise and reliable model parameter estimates and with good predictive performance.
One of the observations that arose from the population modeling was the comparable pharmacokinetics of paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin in HCV treatment-naive and treatment-experienced patients. Treatment history was included as a potential covariate but was not identified in either the univariate analysis or the subsequent refinement process as significantly associated with CL/F for any component of the 3D regimen or ribavirin. These findings are robust as the study population included substantial representation of treatment-naive and treatment-experienced patients. Analogous pharmacokinetics are consistent with the comparable efficacy between treatment-naive and treatment-experienced patient populations that have been reported for both the 3D and 2D regimens (4, 9, 12) . In clinical trials, the drug dosage regimen and treatment duration were the same, regardless of patient treatment history. BWT body weight, CL/F apparent clearance, CV coefficient of variation, CYP2C8 cytochrome P450 2C8, IIV inter-individual variability, k a first-order absorption rate constant, PK pharmacokinetics, Q/F apparent inter-compartmental clearance from the second compartment, (14) c Formulation effect (θ capsule ) was fixed to 1.27 from the phase 1 population pharmacokinetic model (14); θ bio represents the fold increase in paritaprevir bioavailability of the SDD tablet for each 50-mg increment in dose relative to bioavailability of the 50-mg paritaprevir SDD tablet, and was estimated to be 1.45 with bootstrap 95% confidence interval of [1.27, 1.65] in the current population pharmacokinetic model d Effect of dasabuvir on paritaprevir bioavailability was estimated to be 1.21 with bootstrap 95% confidence interval of [0.99, 1.48] e Formulation effect (SDD vs. HME tablets) was estimated to be 0.41 with bootstrap 95% confidence interval of [0.33, 0.53] f k a was based on a previous estimate for ribavirin (28) g IIV was modeled with a log normal distribution. Vc/F and Vp/F share the same IIV h r (correlation of IIV parameters) was calculated from block OMEGA matrix as OMEGA [1, 2] /(sqrt(OMEGA [1, 1] ) Χ sqrt(OMEGA [2, 2] ))
The modeling analyses also revealed no difference in the pharmacokinetics of paritaprevir, ombitasvir, dasabuvir, ritonavir, or ribavirin between patients with HCV genotype 1a or 1b infection. HCV subtype was not identified as a significant covariate in any of the models. Clinical trials of the 3D regimen have shown high rates of sustained virologic response in patients with either HCV genotype 1a or 1b infection (3) (4) (5) (6) (7) , and 3D treatment is indicated for both HCV subtypes (16) .
Patients with cirrhosis were excluded from the trials that comprised our population pharmacokinetic analysis. However, fibrosis score was collected and included as a covariate. Fibrosis did not show any significant association with clearance or volume parameters. Notably, the degree of fibrosis among these patients was generally classified as mild or moderate in severity. A recent pharmacokinetic study specifically evaluating the 3D regimen in patients with hepatic impairment found that exposure changes for paritaprevir, Fig. 2 . Population pharmacokinetic evaluations. Model-derived estimates of steady-state maximum plasma concentration (C max ) and area under the plasma concentration-time curve (AUC) for covariates identified as significantly associated with apparent clearance or apparent volume parameters for paritaprevir (150 mg once daily), ombitasvir (25 mg once daily), dasabuvir (400 mg twice daily), ritonavir (100 mg once daily), and ribavirin (600 mg twice daily). A ratio of 1.0 indicates similar values between the subgroup analyzed and the rest of the patient population. Error bars represent the 95% confidence intervals. Weight groups for ombitasvir analyses were stratified as 89 and 69 kg, and age was plotted for 58 and 38 years. Weight groups for ribavirin analyses were stratified as 89 and 69 kg, and creatinine clearance (CrCL) was plotted for 65 and 120 mL/min. BWT body weight, CYP2C8 cytochrome P450 2C8 ombitasvir, dasabuvir, and ritonavir were minimal and did not necessitate dose adjustment for patients with mild or moderate hepatic impairment (20) . The 3D regimen is currently not recommended for patients with moderate hepatic impairment (16) . Patients with severe hepatic impairment, however, did experience higher paritaprevir and dasabuvir exposures, which would preclude use of the 3D regimen in this population.
The only drug or inhibitor/inducer class with a significant influence on clearance was CYP2C8 inhibitors, which reduced CL/F relative to patients who did not receive any inhibitor or inducer of metabolic enzymes or transporters. The comedication analysis is subject to several limitations based on the design of the studies and the need to best utilize the available data. Perhaps, the most salient of these relates to the timing and duration of concomitant medication use. A 6-week treatment criterion was utilized as it represents half of the treatment period for 3D regimen therapy. It is possible that concomitant medications used over a shorter duration could have influenced pharmacokinetic findings. It is also likely that patients who did not continue a concomitant medication regimen throughout the study would have had Fig. 3 . Visual predictive checks for population pharmacokinetic models. Filled circles represent observed median values (5th and 95th percentile error bars). The simulated median is represented by a solid line and the associated 90% interval of the simulated median by grey shading. The simulated 5th and 95th percentiles are represented by dashed lines and the associated 90% interval of the simulated 5th and 95th percentile by grey shading. The profile for ribavirin starts 2 weeks into the treatment period, thus illustrating steady-state some pharmacokinetic samples taken during co-medication use and one or more without. However, we believe that the analysis as performed is a valid approach to a large and complex dataset. More specific information on the influence of concomitant medications can be gained from formal drugdrug interaction studies, a number of which have been conducted with agents representing different enzyme or transporter substrates and inhibitor/inducer classes. Descriptions of these study results have recently been published (19, (21) (22) (23) and can be used as a guide for dosing of concomitant medications with the 3D regimen.
Ribavirin may be added to 3D or 2D therapy to augment therapeutic efficacy. It is needed for patients with genotype 1a HCV and patients with genotype 4 HCV (16, 24, 25) . The population pharmacokinetic modeling indicates that ribavirin co-administration does not affect the pharmacokinetics of paritaprevir, ombitasvir, dasabuvir, or ritonavir; use of ribavirin was not identified as a covariate in any of the analyses. This is consistent with the fact that ribavirin is primarily eliminated via renal pathway and does not share common disposition pathways with paritaprevir, ombitasvir, dasabuvir, or ritonavir and is, therefore, not expected to contribute to drug interactions. Hence, no dose adjustment is necessary when ribavirin is given with the 3D regimen. The estimated CL/F and calculated apparent steady-state volume of distribution and t 1/2,z are in close agreement with the values reported in the literature (26, 27) . Other estimated population parameters for ribavirin from our assessment were also in good agreement with published results in patients with chronic HCV genotype 1 infection (27) . A notable difference between the previous population pharmacokinetic model and our findings was a 50% greater Vp/F for black versus white patients in the previous study (27) . No such relationship was observed in our dataset. In our evaluation, sex and BWT were covariates for volume parameters, and sex and baseline CrCL for CL/F. Demographic distribution may account for some of the differences between studies; for example, the analyses by Jin and colleagues (27) included only 39 females (27% of their study population), whereas the present evaluation included 287 female patients. Jin and colleagues (27) did not assess CrCL because 85% of the participants had normal renal function, and decrements were generally mild in those outside the reference range. Our finding of an influence of CrCL is not unexpected, given the known effect of renal impairment on the pharmacokinetics of ribavirin, a renally cleared compound (28) (29) (30) .
Calculation of steady-state exposure (C max and AUC) values for patient groups identified as significant covariates for CL/F or apparent volume parameters demonstrated generally modest variance from the overall population estimates. The resulting changes in exposure were within 0.5-to 2.0-fold of exposures from approved doses. A change in the exposures within a window of 0.5-to 2.0-fold from the population mean exposures for all three DAAs (paritaprevir, ombitasvir, dasabuvir) are not anticipated to alter the efficacy or safety profile to an extent that requires dose adjustments. Doses of ombitasvir up to 200 mg once daily, paritaprevir/r up to 250/100 mg once daily, and dasabuvir up to 800 mg twice daily, which are associated with substantially higher exposures than doses used for HCV treatment, produce comparable efficacy and safety profiles to that of the studied regimen (ombitasvir/ paritaprevir/r, 25/150/100 once daily, and dasabuvir, 400 mg twice daily) (10) (11) (12) . Moreover, no differences in virologic response rates for the 3D regimen have been observed based on age, sex, race, ethnic group, fibrosis score, or baseline viral load in phase 3 clinical trials (2-6). Interleukin 28B genotype, which is known to influence antiviral efficacy in patients with HCV (31), was associated with response rate in one phase 3 study (3), but was not significant in the other phase 3 studies (2, (4) (5) (6) . A pharmacokinetic study of ombitasvir and paritaprevir/r with or without dasabuvir in patients with mild, moderate, or severe renal impairment detected no clinically significant influence of decreased CrCL on DAA exposures (32) . Together, these data support standard dosing of the 3D regimen across patient groups. Dosing of ribavirin, however, may require adjustment (17, 18) . Ribavirin dose modification is recommended for patients who experience adverse reactions or laboratory abnormalities during treatment with ribavirin. A priori ribavirin dose reduction is also advised for patients with renal impairment.
The strength of these analyses lies in the breadth of pharmacokinetic data available for assessment. However, although the dataset represents a wide range of dose combinations, not every possible permutation of the five drugs involved could be tested clinically. Also, the 2D regimen is used in the treatment of HCV genotype 4 infection, but this population pharmacokinetic model was developed based on observations in patients with HCV genotype 1 infection.
CONCLUSION
Using data from the robust clinical development program for the 3D regimen, population pharmacokinetic models were developed for paritaprevir, ombitasvir, dasabuvir, ritonavir, and ribavirin. The models for each drug adequately described the respective plasma concentration-time data with precise and reliable model parameter estimates and with good predictive performance. Based on the model-predicted, steady-state drug exposures at doses used in the treatment of HCV genotype 1 infection, no patient-related or clinical parameters were identified that would necessitate dose adjustment for the 3D regimen.
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